The objective of the experiments was to study some physical properties of potato tubers, such as dimensions, weight, projected area, sliding and rolling friction properties, in order to determine the best post-harvest options. Mean values of weight, length, width, thickness and CPA were 136.69 g, 78.99 mm, 57.12 mm, 50.44 mm, and 33.12 cm 2 , respectively. The lowest values of the coefficients of rolling and sliding friction were obtained for sheet glass. Tuber mass was predicted based on the dimensions, projected area and volume. Linear models and nonlinear models were investigated. The results indicated that best model for predicting tuber mass was based on projected area with R 2 = 0.99.
INTRODUCTION
In most industrial, developed and developing countries, potato has particular importance in the food chain among agricultural products. The amount of energy in this product is 830 calories per kg. Quantitative and quality developments in the production of potato have been especially important in Iran. In the 130 counties where about 75% of the world's population lives the area of potato cultivation is 20 million hectares. The annual production of potato is 280 million tons, which makes it the fourth major crop plant in the world after wheat, rice and corn (Ahangarnezhad 2009 ).
Physical characteristics of agricultural products are the most important parameters for the designing of grading, conveying, processing, and packaging systems. Among these physical characteristics, mass, volume, projected area, and center of gravity are the most important in sizing systems (Malcolm et al. 1986 ). Other important parameters are width, length, and thickness (Mohsenin 1986 ). The frictional properties (angles of repose and coefficients of friction) are important in designing equipment and machines for harvesting, conveying, separating, sorting, handling, processing, storage, etc. The coefficient of static friction is used to determine the angle at which chutes must be positioned in order to achieve consistent flow of material through the chute. In addition, this coefficient is important in the designing of conveyors because friction is necessary to hold the potato tuber to the conveying surface without slipping or sliding backward (Razavi et al. 2007 ).
The quality of food materials can be assessed by measuring their densities. Density data of foods are required in separation processes, such as centrifugation and sedimentation, and in pneumatic and hydraulic transport of powders and particulates (Sahin & Gülüm Sumnu 2006 , Gorji Chakespari et al. 2010 .
There are some situations in which it is desirable to determine relationships among physical characteristics; for example, fruits are often graded by size, but it may be more economical to develop a machine which grades by weight. Therefore, the relationship between weight and the major, minor and intermediate diameters is needed (Stroshine & Hamannd 1994 ).
Determining a relationship between mass, dimensions and projected areas is useful and applicable in sizing by weight (Marvin et al. 1987 ). The physical properties of different fruits and vegetables have been determined by other researcher; caper fruit (Sessiz et al. 2007) , potato (Tabatabaeefar 2002) , apple (Meisami-asl et al. 2009 ). Safa and Khazaei (2003) studied the physical properties of pomegranate and found models of predicting fruit mass based on the dimensions, volume and surface area. Taheri-Garavand et al. (2010) studied hydro-sorting of potato and tomato based on some physical characteristics.
The objective of this study was to investigate some physical properties of the potato tuber, namely the linear dimensions, unit mass and volume, sphericity, densities, porosity, projected area, as well as the coefficients of rolling and sliding friction against three structural surfaces. The mass of tubers was then predicted based on the dimensions, projected area and volume. This information will be used in the design and development of sizing systems. 12'E). The initial moisture content of the potato tubers was determined using the oven method (ASAE Standard 1998) and obtained as 82% w.b. Some of the samples for frictional tests were manually peeled.
Methods 2.1 Physical properties
The physical properties of potato tubers, such as mass, volume, bulk density, density, dimensions, projected area, porosity and surface area, were measured. The mass (M) of each potato was measured to 0.01 g accuracy with a digital balance.
To determine the average size of the potato tubers, one hundred samples were randomly selected. Measurements of the three major perpendicular dimensions of the tubers, namely, the length (L), width (W) and thickness (T), were carried out with a micrometer with an accuracy of 0.01 mm. Potato tuber volume (V) was obtained with the water displacement method (Mohsenin 1986 , Stroshine & Hamannd 1994 ; then the density of each sample was calculated.
Density is calculated by dividing the weight of samples by the volume obtained with the water displacement method (Stroshine & Hamannd 1994) . Bulk density was determined using the mass-volume relationship by filling an empty plastic container of predetermined volume with samples and weighing it; then the bulk density was determined by dividing the weight of the samples by the container volume (Fraser et al. 1978 , Ghabel et al. 2010 . Geometric mean diameter (D g ) and surface area (S) were determined by using the following formula, respectively (Mohsenin 1986 ):
(1) (2) Density was obtained as follows: (3) where: ρ t is true density (kg·cm -3 ), M is tuber mass (g), V is tuber volume (cm 3 ) (Mohsenin 1986 ).
Bulk density was obtained as follows: (4) where: ρ b is apparent density (kg·cm -3 ), M t is mass of tubers (g), V c is container volume (cm 3 ) (Mohsenin 1986 ).
The porosity (λ) of a bulk sample was computed from the values of true density and bulk density using the relationship given by Mohsenin (1986) as follows: (5) where: p b is the bulk density and p t is the true density.
Projected areas were determined with the image processing method. In order to obtain projected areas, WinArea_UT_06 system (Keramat Jahromi et al. 2007 ) was used ( Fig. 1) . The WinArea_UT_06 system comprises the following components: 1. Sony still camera, model CCD-TRV225E, 2. Device for preparing media for picture taking, 3. Capture Card named Winfast, model DV2000, 4. Computer software programmed in Visual Basic. Three mutually perpendicular areas, PA L , PA W , PA T , were measured with an area meter. Total error for those objects was less than 2%. This method has been used and reported by several researchers (Khoshnam et al. 2007) . The average projected area as a criterion for the sizing machine was proposed by Mohsenin. The average projected area (known as criteria area, CPA) was determined from (Mohsenin 1986 ):
(6) The sphericity, S p (%), defined as the ratio of surface area of a sphere having the same volume as that of fruit to the surface area of the fruit, was determined using the following formula:
(7) Other parameters were calculated from the following equations (Mohsenin 1986 
Where V sp is the volume of an ellipsoid and V osp is the volume of an oblate spheroid.
Frictional properties 2.2.1 Method for coefficient of static friction
The coefficients of static friction on three different frictional surfaces, namely galvanized iron, wood, and glass were measured for potato tubers using the inclined plate method (AlMaiman & Ahmad 2002). The friction tests were replicated three times for each surface. The coefficient of static friction was calculated from the following equation:
where: α is the angle of inclination at which samples start to slide down.
Method for coefficient of dynamic friction
The coefficient of dynamic friction was determined with the same tubers in a topless and bottomless plywood box with dimensions of 250 × 250 × 90 mm 3 . The box placed on the test surface was filled with a known quantity of potato tubers and force was applied to it until it moved uniformly with a gentle pull. The friction tests were replicated three times for each surface. For each replication, the box was emptied and refilled with a different sample. The coefficient of dynamic friction was calculated as follows (Amin et al. 2004 , Puchalski et al. 2003 :
The friction force was measured using a digital pull force gauge (Model DS2-100N, IMADA). where: M is mass (g), k is the value of a parameter that we want to find its relationship with mass (independent parameter), a, b, and c are curve-fitting parameters, which are different in each equation.
Mass modelling

Surface area modelling
In order to estimate surface area from the measured volume, volume of an ellipsoid and volume of an oblate spheroid the following models were suggested. Table 1 . These properties were found at a specific tuber moisture level (82%, w.b.).
In a study conducted by Janatizadeh et al. (2008) As seen in Table 1 , the mean values of bulk density and density were reported as 680 and 1060 kg·cm -3 , respectively. In a study conducted by Kheiralipour et al. (2008) , the mean values of fruit density for Redspar and Delbarstival apple cultivars were 811.49 and 759.02, respectively.
Frictional properties
The experimental data for the coefficient of sliding friction for potato tubers in two states (peeled and unpeeled) on frictional surfaces of glass, galvanized iron sheet, and wood are reported in Table 2 . As presented in Table 2 , the coefficient of sliding friction on the glass surface (0.27-0.35) was the lowest, while the greatest value was obtained on the wooden surface (0.52-0.58) for unpeeled potatoes.
In a similar research, Janatizadeh et al. (2008) studied frictional properties of Iranian apricot. They reported that on a galvanized iron sheet the highest coefficient of static friction was obtained for Gheysi-2 fruit with a mean of 0.308, while the corresponding value was 0.141 for Shahroud-8 as the lowest coefficient (Janatizadeh et al. 2008) . Also, static friction coefficients on sheet iron, galvanized sheet iron, and rubber surfaces were reported as 0.201, 0.181, 0.281 for the cultivar Zerdali (Hacisefrogullari et al. 2007) .
The variance analysis of the data indicated that the difference in the coefficient of sliding friction for unpeeled and peeled potato tubers was significant at a 1% probability level. The coefficient of sliding friction on _____________________________________________________________________________________________________ glass, galvanized iron and wood surfaces for peeled potato tubers was greater than the corresponding values for unpeeled potatoes. As seen in Table 3 , the mean values of the coefficient of rolling friction for unpeeled potatoes on galvanized iron, glass and wood was 0.25, 0.18 and 0.35, respectively. The values for peeled potatoes were 0.31, 0.23 and 0.42, respectively.
The variance analysis of the data indicated that the difference in the coefficient of rolling friction for unpeeled and peeled potato tubers was significant at a 1% probability level. The coefficient of rolling friction on glass, galvanized iron and wood surfaces for peeled potato tubers was greater than the corresponding values for unpeeled potatoes. According to the experimental data in Tables 2 and 3 , when potato tubers are put on an inclined surface, they will roll down rather than slide down. Sessiz et al. (2007) studied coefficients of static and dynamic friction on four different surfaces, namely, galvanized steel, plywood, rubber, and metal steel for caper fruit. On all of these surfaces, the values of the coefficient of static friction were higher than those of the coefficient of dynamic friction.
Mass modelling 3.1 Linear models
The results of the linear models in the three classifications for predicting mass of potato tubers based on geo-metrical attributes (dimensions, projected area and volume) are shown in Table 4 .
For potato tubers, in the case of mass modelling based on dimensional characteristics including length, width and thickness, the best option was based on all of them and the model was as follows: M=-265.98+1.74L+2.56W+2.36T, R 2 =0.95 However, measurement of three diameters is needed for this model, which makes the sizing mechanism more complex and expensive. Monochromatic current is used in on-line sorting systems, which are cheap.
The results indicated that the best model in the second classification for predicting mass of potato tubers was based on the criteria projected areas (CPA) with this equation: M= -57.77+5.87CPA, R 2 =0.99 As shown in Table 4 , the best model in the third classification for predicting mass of potatoes was based on the measured volume, with this equation: M= -2.04+1.08V, R 2 =0.98 Khanali et al. (2007) Khanali et al. (2007) , the best model for predicting fruit mass was based on the actual volume, with the following equation: M = 0.99 V -5.52, R 2 = 0.96 Among all of the nonlinear models, the recommended model was the exponential model based on the measured volume (V) shown in Fig. 3 . Khoshnam et al. (2007) reported that, from an economic and agronomical point of view, a suitable grading system of pomegranate mass was ascertained based on fruit thickness as a nonlinear relationship: M = 0.06T 2 -4.11T + 143.56, R 2 = 0.91. According to the analytical data in Table 4 , the linear models applied to the data in this study generally had higher R 2 in comparison with the nonlinear models.
Surface area modelling
As seen in Table 5 , the best model for surface area modelling based on dimensional characteristics including the measured volume, volume of an ellipsoid and an oblate spheroid, the best attribute was the volume of an ellipsoid, with the following equation: S= 42.20+0.80 V sp , R 2 = 0.99 This indicated that the surface area of a potato tuber was more like the surface area of an ellipsoid. Measuring the actual volume is a timeconsuming task, therefore, surface area modelling based on it is not reasonable; consequently, it seems appropriate that the surface area modelling of potato tubers be accomplished based on the volume of the assumed ellipsoid.
CONCLUSIONS
A number of physical attributes and their relationship with the mass of potato tubers were examined in this study. On the basis of the results it can be concluded that: 1. The difference between the coefficient of sliding friction and rolling friction for unpeeled and peeled potato was significant at a 1% probability level. 2. The coefficient of sliding friction on glass, galvanized iron and wood surfaces for peeled potatoes was greater than the value obtained for unpeeled potatoes, which may be due to the fact that a peeled potato tuber has a wet surface. 3. The coefficient of rolling friction with respect to glass, galvanized iron and wood surfaces for peeled potatoes was greater than the value obtained for unpeeled potatoes, which may be due to the fact that a peeled potato tuber has a wet surface. 4. From an economic point of view, a suitable grading system for potato tuber mass was ascertained based on the length, expressed as the lin- 
